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Features of tandem mass spectra of dilithiated adduct ions of unsaturated fatty acids obtained
by electrospray ionization mass spectrometry with low-energy collisionally activated dissoci-
ation (CAD) on a triple stage quadrupole instrument are described. These spectra distinguish
among isomeric unsaturated fatty acids and permit assignment of double-bond location.
Informative fragment ions reflect cleavage of bonds remote from the charge site on the
dilithiated carboxylate moiety. The spectra contain radical cations reflecting cleavage of bonds
between the first and second and between the second and third carbon atoms in the fatty acid
chain. These ions are followed by a closed-shell ion series with members separated by 14 m/z
units that reflect cleavage of bonds between the third and fourth and then between subsequent
adjacent pairs of carbon atoms. This ion series terminates at the member reflecting cleavage of
the carbon–carbon single bond vinylic to the first carbon–carbon double bond. Ions reflecting
cleavages of bonds distal to the double bond are rarely observed for monounsaturated fatty
acids and are not abundant when they occur. For polyunsaturated fatty acids that contain
double bonds separated by a single methylene group, ions reflecting cleavage of carbon–
carbon single bonds between double bonds are abundant, but ions reflecting cleavages distal
to the final double bond are not. Cleavages between double bonds observed in these spectra
can be rationalized by a scheme involving a six-membered transition state and subsequent
rearrangement of a bis-allylic hydrogen atom to yield a terminally unsaturated charge-
carrying fragment and elimination of a neutral alkene. The location of the b-hydroxy-alkene
moiety in ricinoleic acid can be demonstrated by similar methods. These observations offer the
opportunity for laboratories that have tandem quadrupole instruments but do not have
instruments with high energy CAD capabilities to assign double bond location in unsaturated
free fatty acids by mass spectrometric methods without derivatization. (J Am Soc Mass
Spectrom 1999, 10, 600–612) © 1999 American Society for Mass Spectrometry
Long-chain fatty acids play important roles as fuelsources, as structural components of more com-plex lipids, and as precursors of oxygenated
signaling molecules in living cells. Such fatty acids
exhibit considerable structural diversity, including
varying chain lengths and degrees of unsaturation and
different locations of double bonds within the carbon
chain. Historically, double bond location in these com-
pounds by mass spectrometry has been challenging
because double bond migration occurs under electron
impact conditions. Discovery of the phenomenon of
charge-remote fragmentation facilitated structural char-
acterization of fatty acids and other compounds, and it
permits facile assignment of double-bond location in
alkenyl chains of organic ions.
Charge-remote fragmentation was first described
using high energy collisionally activated dissociation
(CAD) and tandem mass spectrometry performed on
multisector instruments by Gross and co-workers
[1–13], and it yields useful structural information about
an array of organic compounds [1–29]. These include
carboxylic acids [1–5], alkylsulfates [1], steroids [1],
alkylsulfonates [1, 17], alkylammonium and alkylphos-
phonium compounds [18], protonated alkyl amines and
amides [1], pyrrolides, picolinyl esters [6, 7], and cat-
ionized fatty acids [8–11]. The phenomenon represents
bond cleavages that occur at sites remote from the
charged moiety in an organic ion subjected to CAD.
With ions of organic compounds that contain alkyl
chains, such as fatty acids, charge-remote fragmentation
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produces an ion series that reflects losses of the ele-
ments of CnH2n12, and this has been proposed to occur
via a six-membered intermediate that undergoes a
1,4-hydrogen elimination reaction to yield a neutral
alkene and a terminally unsaturated charge-carrying
fragment [1, 12]. Radical and ion/molecule mechanisms
have been demonstrated to participate in charge-remote
fragmentation [14–16, 27, 28].
Fast-atom bombardment (FAB)/MS/MS analyses of
cationic adducts of unsaturated fatty acids complexed
with a variety of metal ions, including lithium, calcium,
and barium, yield tandem spectra under high energy
CAD conditions that contain ions generated by charge-
remote fragmentation that identify double-bond loca-
tion [2, 5, 11, 26]. These spectra contain an ion series
representing cleavage of consecutive C–C single bonds
in the fatty acid chain. This series is then interrupted by
a gap at the location of the double bond, and the gap is
framed by two abundant ions on either side. Similar
spectral features permit assignment of locations of other
modifications of fatty acid structure, including branch
points and hydroxyl or oxo moieties [9, 19, 25, 26].
Although charge-remote fragmentation has been
most extensively characterized under high-energy CAD
conditions, the phenomenon has also been observed
with low-energy CAD in some settings. These have
included FAB/MS/MS analyses on tandem quadrupole
[14, 15] or hybrid (BeqQ) instruments [20, 21]. Ions
produced by FAB are generally more energetic than
those produced by electrospray ionization (ESI), and
FAB has been used more extensively in studies of
charge-remote fragmentation than has ESI. Ions pro-
duced by ESI have, however, been induced to undergo
charge-remote fragmentation under high-energy CAD
conditions on sector instruments [22, 23], and 2-alky-
limidazoline derivatives of fatty acids undergo charge-
remote fragmentation under low-energy CAD condi-
tions [23]. Various structural features of fatty acids and
their derivatives can be determined by low-energy
CAD [29–34].
We describe here analyses of dilithiated adducts of
long-chain free fatty acids by ESI/MS and fragmenta-
tion patterns exhibited by these ions under low-energy
CAD on a triple stage quadrupole instrument. These
analyses yield useful information about double-bond
location in unsaturated long-chain fatty acids, and
structurally informative fragment ions in these spectra
are produced by cleavage of bonds remote from the
charge-site on the dilithiated carboxylate moiety.
Experimental
Materials and chemicals
The fatty acids (8,11,14)-eicosatrienoic acid [(8,11,14)-20:
3], (11,14,17)-eicosatrienoic [(11,14,17)-20:3], 9-octadece-
noic acid [9-18:1], 6-octadecenoic acid [6-18:1], 11-octa-
decenoic acid [11-18:1], (12-hydroxy-9-cis)-octadecenoic
acid [ricinoleic acid, (12OH-9)-18:1], (9,12)-octadecadie-
noic [linoleic acid, (9,12)-18:2], (9,12,15)-octadecatrie-
noic acid [linolenic acid, (9,12,15)-18:3], (6,9,12)-octade-
catrienoic acid [gamma linolenic acid, (6,9,12)-18:3],
arachidonic acid [(5,8,11,14-20:4], (7,10,13,16)-docosatet-
raenoic acid [(7,10,13,16)-22:4], (13,16,19)-docosatrienoic
acid [(13,16,19)-22:3], and (4,7,10,13,16,19)-docosahexae-
noic acid [(4,7,10,13,16,19)-22:6] were purchased from
Nuchek Prep (Elysian, MN). All other reagents were
purchased from Fisher Chemical (St. Louis, MO).
Mass spectrometry
ESI/MS analyses were performed on a Finnigan TSQ-
7000 triple stage quadrupole mass spectrometer (Finni-
gan) with an ESI source controlled by Finnigan ICIS
software operated on a DEC alpha station. Standard
fatty acids (50 pmol/mL) were dissolved in methanol,
and lithium acetate (0.1 M in methanol) was added to
yield a final [Li1] of 5 mM. Samples were infused (1
mL/min) into ESI source with a Harvard syringe pump
and spectra were acquired over a 1 min interval with
consumption of about 50 pmol of analyte. The electro-
spray needle and the skimmer were at ground potential
and electrospray chamber and entrance of the glass
capillary at 4 kV. Capillary temperature was 240 °C.
Ions of interest were selected in the first quadrupole
and accelerated (collision energy 35–40 eV) into a
collision cell filled with argon (2.3 mtorr) to induce
CAD. Product ions were analyzed in the final quadru-
pole.
Results
Using a convention established by others [11] when
describing relative locations among positions in a fatty
acid chain, the terms “proximal” and “distal” reflect the
relative proximity of other positions to the carboxylate
moiety. For example, if the first CAC double bond in a
fatty acid chain occurs between C5 and C6, then C4 is
considered proximal to the double bond, i.e., on the side
of the double bond closer to the carboxylate, and C7 is
distal to the double bond.
When standard fatty acids were infused into the ESI
source of the triple stage quadrupole mass spectrometer
in solutions containing 5 mM lithium acetate, abundant
[M 2 H 1 2Li]1 ions were observed on positive ion
ESI/MS analyses. Low-energy CAD of these [M 2 H 1
2Li]1 ions yielded tandem mass spectra that differed
among isomeric monounsaturated fatty acids, as illus-
trated in Figure 1. Panels A, B, and C are the tandem
spectra for 6-octadecenoic acid (6-18:1), 9-octadecenoic
acid (9-18:1), and 11-octadecenoic acid (11-18:1), respec-
tively. The spectra contain ions that reflect fragmenta-
tion at sites remote from the charge site on the dilithi-
ated carboxylate moiety, and the patterns of
fragmentation are influenced by the position of the
double bond. These spectra include some ions with
even nominal m/z values, such as those at m/z 58 and 72.
These ions probably represent radical cations generated
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by homolytic scission of bonds between C1–C2
(zCO2Li2
1) or C2–C3 (
zCH2CO2Li2
1), respectively. Analo-
gous ions at m/z 86 (zCH2CH2CO2Li2
1) and m/z 100
[zCH2(CH2)2CO2Li2
1] are observed in some spectra.
The most abundant ions with m/z values greater than
72 in the tandem spectra in Figure 1 exhibit odd m/z
values and represent even-electron, closed-shell ions. In
the case of the monounsaturated fatty acids in Figure 1,
the most abundant of these ions reflect neutral losses of
the elements of CnH2n from the alkenyl chain. In the
spectra in Figure 1B, C, for example, such ions include
those at m/z 85 [CH2ACHCO2Li2
1], m/z 99 [CH2A
Figure 1. Tandem mass spectra of dilithiated adducts of isomeric monounsaturated fatty acids. (A),
(B), and (C) represent the tandem mass spectra of the dilithiated adducts of 6-octadecenoic acid,
9-octadecenoic acid, and 11-octadecenoic acid, respectively.
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CHCH2CO2Li2
1], m/z 113 [CH2ACH(CH2)2CO2Li2
1], m/z
127 [CH2ACH(CH2)3CO2Li2
1], and analogous ions sep-
arated by 14 m/z units representing [CH2ACH(CH2)n
CO2Li2
1]. In the case of the monounsaturated fatty acids
in Figure 1, this ion series essentially terminates with
the member representing cleavage of the vinylic C–C
single bond that lies on the side of CAC double bond
that is closer to the carboxylate. No ions of high
abundance that reflect cleavage distal to the double
bond, i.e., on the side farther away from the carboxy-
late, are observed in these spectra.
The most abundant ion in the spectra in Figure 1B, C
reflects cleavage of the C–C single bond that is sepa-
rated from the CAC double bond by (CH2)4 and that
lies on the side of the CAC bond closer to the carbox-
ylate. This ion occurs at m/z 99 [CH2ACHCH2CO2Li2
1]
in Figure 1B and at m/z 127 [CH2ACH(CH2)3CO2Li2
1] in
Figure 1C. As described below, this feature is also
observed in tandem spectra of polyunsaturated fatty
acids in which the first double bond occurs at carbon
atom 8 or at a more distal carbon atom. The feature is
not observed when the first double bond occurs at
carbon atom 7 or a more proximal carbon atom in either
monounsaturated (Figure 1A) or polyunsaturated (see
below) fatty acids.
Parenthetically, it can be noted that, in general,
cleavage of C6–C7 and of all subsequent C–C single
bonds proximal to a double bond, i.e., on the side of the
double bond that is closer to the carboxylate, in dilithi-
ated fatty acids are reflected predominantly by closed
shell ions, whereas cleavages of C1–C2 and of C2–C3 are
reflected by radical cations. Cleavages of C3–C4, C4–C5,
and C5–C6 are sometimes reflected both by distonic
radical cations and by closed shell ions, and production
of closed shell ions is favored by higher collision
energies. For dilithiated (7,10,13,16)-22:4, ratios for
abundances of closed-shell and distonic ions at a colli-
sion energy of 30 eV were [(m/z 85)/(m/z 86)] 5 2.6;
[(m/z 99)/(m/z 100)] 5 1.1; and [(m/z 113)/(m/z 114)] 5
0.6. At 38 eV, the ratios increased to: [(m/z 85)/(m/z
86)] 5 4.3; [(m/z 99)/(m/z 100)] 5 1.5; and [(m/z 113)/
(m/z 114)] 5 1.0. At 40 eV, the ratios again increased to:
[(m/z 85)/(m/z 86)] 5 5.2; [(m/z 99)/(m/z 100)] 5 2.2;
and [(m/z 113)/(m/z 114)] 5 1.8. Proposed routes to
closed-shell ions in CAD include 1,4-hydrogen elimina-
tion [12] and homolytic scission to yield distonic ions
that eliminate hydrogen radical [15, 24, 27, 28]. The
former is a rearrangement process that might require
less energy than the latter. More energetic radical
cations generated at higher collision energies might
eliminate hydrogen radical more readily than those
generated at lower energies, especially for shorter chain
fragment ions with fewer resonance structures to dissi-
pate energy.
Tandem spectra of polyunsaturated fatty acids ex-
hibit some features that are similar to and others that
differ from those of monounsaturated fatty acids, as
illustrated in Figure 2. Panels A, B, and C are tandem
spectra of (9,12)-octadecadienoic acid [(9,12)-18:2]; of
(9,12,15)-octadecatrienoic acid [(9,12,15)-18:3]; and of
(6,9,12)-octadecatrienoic acid [(6,9,12)-18:3], respec-
tively. The tandem spectrum of (9,12)-18:2 (Figure 2A),
like that of 9-18:1 (Figure 1B), contains the radical
cations at m/z 58 and 72. Thereafter, an ion series for
(9,12)-18:2 (Figure 2A) representing closed-shell ions
reflecting elimination of CnH2n from the alkenyl chain is
observed that includes members at m/z 85, 99, 113, 127,
141, and 155. As in the tandem spectrum of 9-18:1
(Figure 1B), this series then terminates, and its last
member (m/z 155) reflects cleavage of the C–C single
bond that is vinylic to the first CAC double bond and
that lies on the side of the double bond closer to the
carboxylate.
The most abundant ion (m/z 99) in the tandem
spectrum of (9,12)-18:2 (Figure 2A), like that in the
spectrum of 9-18:1 (Figure 1B), reflects cleavage of the
C–C single bond that is separated from the CAC double
bond by (CH2)4 and that lies on the side of the CAC
bond closer to the carboxylate, i.e., proximal to the
double bond. In contrast to the tandem spectrum of
9-18:1 (Figure 1B), that for (9,12)-18:2 (Figure 2A) con-
tains an ion of high abundance (m/z 195) reflecting
cleavage of a C–C single bond that is allylic to the first
CAC double bond and that lies on the side of the
double bond farther away from the carboxylate, i.e.,
distal to the double bond. (In subsequent descriptions,
cleavage of the proximal C–C single bond between two
double bonds separated by a single methylene group is
designated a “vinylic” cleavage, and cleavage of the
distal C–C single bond is designated an “allylic” cleav-
age. This convention is adopted for economy of phras-
ing. It is recognized that the proximal single bond
between two double bonds separated by a single meth-
ylene group is vinylic to the proximal double bond but
allylic to the distal double bond in the pair.) No ions of
high abundance are observed in the spectrum in Figure
2A that reflect cleavage at a site on the distal side of the
second double bond of (9,12)-18:2. As described below,
it is a general feature that ions in tandem spectra of
dilithiated adducts of polyunsaturated fatty acids that
reflect cleavage at sites on the distal side of double bond
are of high abundance only when the cleavage occurs at
a bond that lies between two double bonds. Ions that
reflect cleavage of a C–C bond at a site on the distal side
of the last double bond are not of high abundance.
These features are further illustrated in the tandem
spectrum of (9,12,15)-18:3 (Figure 2B). An ion series
reflecting cleavage of C–C single bonds proximal to the
first double bond, i.e., on the side of the double bond
closer to the carboxylate, is observed, and its most
abundant member (m/z 99) reflects cleavage at the bond
separated from the first double bond by (CH2)4. After
this series terminates, the next two most abundant ions
in the spectrum reflect cleavage of the C–C single bonds
distal to the first (m/z 195) or second (m/z 235) double
bonds, i.e., on the sides of those double bonds farther
away from the carboxylate, and allylic to them. There is
also an ion of lower abundance (m/z 183) that reflects
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cleavage of the vinylic C–C single bond on the distal
side of the first double bond. As described below,
analogous ions reflecting vinylic cleavages distal to a
double bond, i.e., on the side of the double bond farther
away from the carboxylate, are observed in tandem
spectra of other polyunsaturated fatty acids. Possible
mechanisms underlying vinylic and allylic cleavages
distal to a double bond, i.e., on the side of the double
bond farther away from the carboxylate, are discussed
in the context of Scheme 1 below. The combined occur-
rence of both allylic and vinylic cleavages can generate
an ion pair separated by 12 m/z units, as illustrated by
the ions at m/z 183 and 195 in Figure 2B.
As for monounsaturated fatty acids, isomeric poly-
Figure 2. Tandem mass spectra of dilithiated adducts of the polyunsaturated fatty acids 9,12-
octadecadienoic acid and two isomeric octadecatrienoic acids. (A), (B), and (C) represent the tandem
mass spectra of the dilithiated adducts of (9,12)-octadecadienoic acid, of (9,12,15)-octadecatrienoic
acid, and of (6,9,12)-octadecatrienoic acid, respectively.
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unsaturated fatty acids yield distinguishable tandem
spectra when analyzed as dilithiated adducts, as illus-
trated by comparing Figure 2B, for (9,12,15)-18:3, and
Figure 2C, for (6,9,12)-18:3. In the latter spectrum,
vinylic and allylic cleavages between the first two
double bonds are reflected by ions at m/z 141 and 153,
respectively, and an allylic cleavage between the second
and third double bonds is reflected by an abundant ion
at m/z 193. Distinction among isomers can also be
achieved for longer-chain polyunsaturated fatty acids,
as illustrated by comparing Figure 3A, for (8,11,14)-20:3,
and Figure 3B, for (11,14,17)-20:3. In both spectra, the
ion series reflecting cleavages proximal to the double
bond, i.e., on the side of the double bond closer to the
carboxylate, terminates at the member that reflects
cleavage of the vinylic C–C single bond, and the most
abundant member of this series reflects cleavage at the
bond separated from the first double bond by (CH2)4.
That ion occurs at m/z 85 in Figure 3A and at m/z 127 in
Figure 3B. In both spectra, ions are also observed that
reflect allylic cleavages between the first and second
and between the second and third double bonds, but
Scheme 1. Proposed mechanism for C–C single bond cleavages distal to a C–C double bond, i.e., on
the side of the double bond farther away from the carboyxlate, in low energy CAD spectra of
dilithiated adducts of unsaturated fatty acids. A and B rationalize cleavages of C–C single bonds that
are allylic or vinylic, respectively, to the proximal C–C double bond, i.e., the double bond that is closer
to the carboxylate, in a pair of such double bonds separated by a single methylene moiety. This scheme
uses (7,10,13,16)-docosatetraenoic acid as an example, and the tandem mass spectrum of the
dilithiated adduct of that compound is displayed in Figure 4B.
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ions that reflect cleavages distal to the last double bond,
i.e., on the side of that double bond farther away from
the carboxylate, are generally not abundant. Similar
features are observed in the tandem spectrum of a
polyunsaturated fatty acid with an even longer chain
length, as illustrated in Figure 3C for (13,16,19)-22:3.
The same general features described above are also
observed with more highly unsaturated fatty acids, as
illustrated in Figure 4. Panels A, B, and C are tandem
spectra of dilithiated adducts of (5,8,11,14)-20:4 (arachi-
donic acid); (7,10,13,16)-22:4; and (4,7,10,13,16,19)-22:6,
respectively. In each case, the ion series reflecting
cleavages proximal to the double bond, i.e., on the side
of the double bond closer to the carboxylate, terminates
Figure 3. Tandem mass spectra of dilithiated adducts of two isomeric eicosatrienoic acids and of a
trienoic fatty acid with a longer carbon chain. (A), (B), and (C) represent the tandem mass spectra of
the dilithiated adducts of (8,11,14)-eicosatrienoic acid, of (11,14,17)-eicosatrienoic acid, and of
(13,16,19)-docosatrienoic acid, respectively.
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in the member reflecting cleavage of the vinylic C–C
single bond. These ions occur at m/z 99, 127, and 85 in
Figure 4A, B, C, respectively. For the long-chain tetrae-
noic fatty acids, there are also ion series with members
separated by 40 m/z units that reflect allylic cleavages
between double bonds. Such series are represented by
the ions at m/z 139, 179, and 219 in Figure 4A and by
those at m/z 167, 207, and 247 in Figure 4B. Ions
representing allylic cleavages between double bonds
are sometimes accompanied by ions representing vi-
Figure 4. Tandem mass spectra of dilithiated adducts of highly unsaturated fatty acids with long
carbon chains. (A), (B), and (C) represent the tandem mass spectra of the dilithiated adducts of
(5,8,11,14)-eicosatetraenoic acid, of (7,10,13,16)-docosatetraenoic acid, and of (4,7,10,13,16,19)-docosa-
hexaenoic acid, respectively.
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nylic cleavages. This is reflected by the ion pair at m/z
127 and 139 and that at m/z 167 and 179 in Figure 4A
and by the ion pair at m/z 155 and 167 and that at m/z
195 and 207 in Figure 4B.
For the hexaenoic fatty acid (4,7,10,13,16)-22:6, ions
reflecting cleavages between double bonds distal to the
fourth such bond, i.e., on the side of the bond farther
away from the carboxylate, are less intense than those
reflecting cleavages between double bonds that are
closer to the carboxylate (Figure 4C). The tandem spec-
trum of dilithiated (4,7,10,13,16)-22:6 contains an ion
series with members separated by 40 m/z units reflect-
ing allylic cleavages between double bonds that in-
cludes members at m/z 125, 165, and 205, which are
easily discernible, and members at m/z 245 and 285,
which are present at low abundance (Figure 4C). As in
spectra in Figure 4A, B, ions reflecting allylic cleavages
between double bonds are sometimes accompanied by
ions reflecting vinylic cleavages, as reflected by the ion
pairs at m/z 113 and 125, at m/z 153 and 165, at m/z 193
and 205, and at m/z 233 and 245 in Figure 4C.
The above observations indicate that ESI/MS/MS
with low-energy CAD on a triple stage quadrupole
instrument can provide information about the location
of double bonds in fatty acids analyzed as dilithiated
adducts. Similar experiments with ricinoleic acid (12-
hydroxy-9-cis-octadecenoic acid) indicate that this ap-
proach also yields information about the location of an
hydroxyl group in an unsaturated fatty acid chain
(Figure 5). When infused into the ion source in solutions
containing 5 mM lithium acetate, ricinoleic acid yields
both [M 2 H 1 2Li]1 and [M 2 2H 1 3Li]1 ions. The
tandem spectrum of the dilithiated adduct (Figure 5A)
contains an ion series reflecting cleavage of C–C single
bonds proximal to the double bond, i.e., on the side of
the double bond closer to the carboxylate. This series
terminates with the member reflecting cleavage of the
vinylic C–C single bond (m/z 155), and the most abun-
dant member of the series (m/z 99) reflects cleavage of
the bond separated from the double bond by (CH2)4.
The most abundant ion in the spectrum (m/z 197)
reflects net neutral loss of heptaldehyde and identifies
the location of the hydroxyl group. Somewhat similar
spectra of the dilithiated adduct of ricinoleic acid have
been obtained by liquid secondary ionization mass
spectrometry under high energy CAD conditions, and
negative ion tandem spectra of the [M 2 H]2 ion of
ricinoleic acid obtained under low energy CAD condi-
tions also contain ions that reflect the location of the
b-hydroxy-alkene moiety [24].
The tandem spectrum of the trilithiated adduct of
ricinoleic acid (Figure 5B) differs markedly from that of
the dilithiated adduct. Ions representing cleavages of
C–C single bonds proximal to the double bond, i.e., on
the side of the double bond closer to the carboxylate, are
not abundant in this spectrum, probably reflecting the
fact that the trilithiated adduct requires more energy
than the dilithiated adduct to undergo charge-remote
fragmentation. Major fragment ions at m/z 195 and 203
in the spectrum may arise from the lithium rearrange-
ment reactions proposed in Scheme 2, which would
require less energy. These ions also reflect the location
of the hydroxyl group.
Discussion
Scheme 1 proposes routes to ions reflecting cleavages
distal to double bonds, i.e., on the sides of the double
bonds farther away from the carboxylate, that are
observed in the low energy CAD spectra of dilithiated
unsaturated fatty acids, using (7,10,13,16)-22:4 as an
example. Scheme 1A, B rationalize allylic and vinylic
cleavages (as defined above), respectively, that occur
distal to a double bond, i.e., on the side of the double
bond farther away from the carboxylate. Both involve
participation of an allylic hydrogen atom on a methyl-
ene group to form a six-membered transition state.
Scheme 1A proposes that fragment ions observed at m/z
167, 207 and 247 in the tandem spectrum of dilithiated
(7,10,13,16)-22:4 arise from the six-membered interme-
diate by the transfer of the bis-allylic hydrogen atom on
C6, C9, or C12 to the alkenic carbon at C10, C13, or C16,
respectively. This results in formation of a conjugated
diene at the terminus of the charge-carrying fragment
and elimination of a neutral alkene.
Scheme 1B proposes that ions at m/z 195 and 155 in
the tandem spectrum of dilithiated (7,10,13,16)-22:4 are
formed via an alternate but similar six-membered tran-
sition state by transfer of the bis-allylic hydrogen atom
on C12 or C15 to the alkenic carbon atom C8 or C11,
respectively. This also results in formation of a termi-
nally unsaturated charge-carrying fragment and elimi-
nation of a neutral alkene. When considering cleavages
distal to a given double bond, i.e., on the side of the
double bond farther away from the carboxylate, Scheme
1B results in formation of a charge-carrying fragment
with an m/z value 12 units less than that generated by
Scheme 1A. Schemes involving six-membered interme-
diates and hydrogen transfer that results in elimination
of a neutral alkene to yield a terminally unsaturated
charge-carrying fragment have been proposed by oth-
ers to rationalize fragmentation patterns observed un-
der high-energy CAD conditions [11, 34].
It is noteworthy that application of the mechanism in
Scheme 1A to an allylic cleavage distal to the final
double bond, i.e., on the side of the double bond farther
away from the carboxylate in the fatty acid chain of
dilithiated (7,10,13,16)-22:4 would predict generation of
an ion at m/z 287. This ion is barely discernible in the
tandem spectrum of that compound (Figure 4B) and is
much less abundant than analogous members of the
series (m/z 167, 207, 247) reflecting allylic cleavages
distal to double bonds that are closer to the carboxylate.
This suggests that transfer of a bis-allylic hydrogen
atom to an alkenic carbon, with subsequent elimination
of a terminally unsaturated neutral alkene, is favored
over transfer of a bis-allylic hydrogen atom to an
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alkanic carbon, with subsequent elimination of a neu-
tral alkane.
Similarly, application of the mechanism in Scheme
1B to a vinylic cleavage distal to the penultimate double
bond, i.e., on the side of that double bond that is farther
away from the carboxylate in the fatty acid chain of
dilithiated (7,10,13,16)-22:4 would predict generation of
an ion at m/z 235. This ion is not observed in the tandem
spectrum of that compound, although analogous ions
reflecting vinylic cleavages distal to double bonds that
are closer to the carboxylate are observed at m/z 155 and
195 (Figure 4B). This phenomenon can be rationalized
by the relative lability of the C–H bond involving a
bis-allylic or mono-allylic hydrogen atom. The C–H
bond that requires cleavage for that transfer to occur is
more labile in the former case than in the latter, and less
energy is required to induce the rearrangement. The
mechanism in Scheme 1B involves transfer of a bis-
allylic hydrogen atom for vinylic cleavages between
double-bond pairs that are closer to the carboxylate
than the final such pair. For vinylic cleavage between
the final pair of double bonds, transfer of a mono-allylic
hydrogen atom would be required, and this appears to
require more energy than that provided under low-
energy CAD conditions.
Considerations in the preceding two paragraphs
indicate that, when considering cleavages distal to a
double bond, i.e., on the side of the double bond farther
away from the carboxylate in dilithiated polyunsatu-
rated fatty acids subjected to low-energy CAD, the
Figure 5. Tandem mass spectra of the dilithiated (A) and trilithiated (B) adducts of ricinoleic acid.
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allylic cleavage ion series will terminate with the mem-
ber reflecting cleavage between the final pair of double
bonds, and the vinylic cleavage ion series will terminate
with the member reflecting cleavage between the pen-
ultimate pair of double bonds. In addition, neither
allylic nor vinylic cleavages will be prominent in mono-
unsaturated fatty acids, and vinylic cleavages will only
be observed with trienoic or more highly unsaturated
fatty acids. The tandem spectra of all fatty acids pre-
sented here conform to these rules. These consider-
ations apply to cases where double bond pairs are
separated by a single methylene group, as is the case
with many naturally occurring polyunsaturated fatty
acids, and would not be expected to pertain to double
bond pairs separated by more than one methylene
group or to conjugated double bonds. In neither of the
latter two cases would a bis-allylic hydrogen atom be
available for formation of the transition states proposed
in Scheme 1A, B.
A curious feature of tandem spectra of dilithiated
adducts of unsaturated fatty acids is that, when the first
double bond occurs between C8AC9 or between carbon
atoms that are even farther away from the carboxylate,
the most abundant member of the ion series reflecting
scission of C–C single bonds proximal to the first
double bond, i.e., on the side of the double bond closer
to the carboyxlate, arises from cleavage of the C–C bond
separated from that double bond by (CH2)4. This ion
always has an odd nominal mass value and represents
an even-electron, closed shell ion. Further study will be
required to determine the mechanism of this phenom-
enon, but a feature that may bear on its mechanism is
that, when the first double bond occurs at C7AC8 or
C6AC7, the C–C single bond that is separated from the
double bond by (CH2)4 and that is on the side of the
double bond closer to the carboxylate occurs between
C2–C3 or between C1–C2, respectively. Cleavage of these
bonds is generally reflected predominantly by radical
cations with even m/z values in all spectra. Cleavages of
C–C bonds that are farther away from the carboxylate
than C2–C3 are reflected predominantly by closed-shell
ions with odd nominal m/z values. It thus appears that
cleavage of the C–C bond that is separated from the
double bond by (CH2)4 and that is on the side of the
double bond closer to the carboxylate is favored only
when that bond can be cleaved by a process that results
in generation of a closed-shell ion and that this process
occurs readily only for bonds farther away from the
carboxylate than C2–C3.
Under low-energy CAD conditions employed here,
neither [M 2 H 1 2Li]1 ions of saturated fatty acids
nor [M 1 Li]1 ions of unsaturated fatty acids yielded
high abundance, structurally informative fragment ions
in positive ion mode (not shown). This was also the case
in CAD experiments with [M 2 H]2 ions of both satu-
rated and unsaturated fatty acids in negative ion mode
(not shown). These findings are quite different from
those obtained under conditions of high-energy CAD,
where metal ion adducts of saturated fatty acids un-
dergo informative fragmentation in positive ion mode
[26], as do [M 2 H]2 ions in negative ion mode [9].
High energy CAD spectra of metal ion adducts of
unsaturated fatty acids also exhibit informative cleav-
ages at sites on both sides of the final double bond [9,
26]. This is not the case for low-energy CAD spectra
presented here, where cleavages distal to the final
double bond, i.e., on the side of the double bond farther
away from the carboxylate, are not represented by
abundant ions. Different mechanisms may govern
charge-remote fragmentation of metal ion adducts of
fatty acids under high-energy and low-energy CAD
conditions. In the former, C–C bond scission has been
proposed to proceed by a 1,4-hydrogen elimination
mechanism via a six-membered transition state [1, 12].
Deuterium labeling and other studies indicate that
charge-remote fragmentation involves homolytic scis-
sion and radical elimination mechanisms [14–16, 27,
28].
Scheme 2. Proposed mechanism for generating fragment ions that identify the location of the
b-hydroxy-alkene moiety in the trilithiated adduct of ricinoleic acid.
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Our analyses involve ions generated by ESI, which
are less energetic than ions generated by FAB, and CAD
is then performed under low-energy conditions on a
triple stage quadrupole instrument. This is the first
description of tandem spectra of dilithiated free fatty
acids obtained under these conditions of which we are
aware, but 2-alklylimidazoline derivatives of fatty acids
have been analyzed by low-energy CAD on a triple
stage quadrupole instrument and yield tandem spectra
with features similar in some respects to those de-
scribed here [23]. Under our conditions, ion series are
observed that reflect C–C single bond cleavages proxi-
mal to the double bond, i.e., on the side of the double
bond closer to the carboxylate, in unsaturated fatty
acids that are very similar to those observed under
high-energy CAD conditions [1, 9, 25, 26], but little
fragmentation is observed with saturated fatty acids or
distal to the double bond, i.e., on the side of the double
bond that is farther away from the carboxylate, in
monounsaturated fatty acids. This suggests that some
interaction between the charge site and a double bond
may be required for fragmentation to occur under our
conditions. In addition, fragmentation distal to a double
bond, i.e., on the side of the double bond that is farther
away from the carboxylate in polyunsaturated fatty
acids under our conditions appears to require, or at
least be strongly favored by, the presence of a bis-allylic
hydrogen atom, and this is not required for high energy
CAD fragmentation of unsaturated fatty acids [1, 9, 25,
26]. Our findings nonetheless indicate that useful infor-
mation about double bond location in unsaturated free
fatty acids can be obtained by ESI/MS/MS under
low-energy CAD conditions on a triple stage quadru-
pole instrument. This offers an opportunity for labora-
tories that have such instruments but do not have
instruments with high-energy CAD capabilities to use
mass spectrometric methods to assign double bond
location in unsaturated free fatty acids without deriva-
tization.
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